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PROPAGATION CHARACTERISTICS OF CAPILLARY RIPPLES 
ON SOLUTIONS OF LOW MOLECULAR -
.... 
WEIGHT ORGANIC ACIDs··· 
Stuart C. Grossman and R. S. Hansen 
ABSTRACT 
The viscoelastic theory for ripples at a liquid-air interface has 
been sketched. It includes corrections for any gravity effects. The 
electronic instrumentation has been modified to include frequencies 
below 200 cps. The weight of the ripple generator is an important 
factor to consider as it should be heavier for the lower frequencies 
and lighter for the higher ones. 
Water and solutions of low molecular-weight organic acids were 
studied. These acids were propionic, n-butyric, isobutyric, n-valeric, 
isovaleric, n-caproic, and n-heptanoic. 
Water follows a non-viscoelastic theory at the three temperatures 
studied. The acids required only one adjustable parameter in the 
theory presented by Hansen and Mann (2). The acids up to four carbon 
atoms form slightly viscoelastic solutions. N-valeric, iso-valeric, 
n-caproic acid, and n-heptanoic acid solutions are described by the 
theory for intermediate viscoelastic films . 
.... 
... 
This report is based on an M. S. thesis submitted by Stuart C. 
Grossman July, 1964, to Iowa State University, Ames, Iowa. 
1 
INTRODUCTION 
Many substances are surface active and tend to adsorb on 
the surface of a solid or liquid. In the case of a liquid 
surface, the adsorption at a liquid-liquid interface or a 
liquid-gas (usually air) interface may be studied. 
Interfacial properties changed by adsorption include 
surface tension, surface potential and capillary ripple propa-
gation characteristics, and these changes provide in turn 
information concerning the adsorbed film. In the first case 
a plot 1s made o! the d1!!erence 1n surface tens1on of clean 
water and that of the water surface covered with the film 
against the area occupied by one molecule in the film. Poten-
tial differences across the interface are determined relative 
to that of water and are a function of the surface concentra-
tion. The wave length and damping coefficient of capillary 
ripples have previously been studied by light reflection. 
Mann (1), and Hansen and Mann (2, 3, 4) have recently 
developed an electronic method for studying capillary ripples. 
This greatly extends th~ observable frequency range and the 
accuracy of the data. It is from their theory that the idea 
for this research was originated. Except for one modification 
the same equipment was used. 
• 
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THEORY 
Since the time of Lord Kelvin's theory of ripples at a liquid-air 
interface several more sophisticated theories have been published. The 
latest was developed by Mann (1), Hansen and Mann (2), and Hansen (5). 
Their theory considers a bar lying in the y - z plane, oscillating 
along the y axis, and producing ripples which move along the x axis of 
a liquid surface. The characteristics of these ripples depend upon x, 
y, and t, the time, but not on z. The linearized Navier-Stokes equation 
for incompressible fluids is restricted by transfer between the surface 
and the bulk of the liquid (assumed to be a diffusion controlled transfer), 
and by the stress to which the surface is subjected. The balancing of 
the tangential and normal stress 1 yields two complex homogeneous equa-
tions with two unknown constants. For a nontrivial solution the deter-
minant of the coefficients in these two equations must be zero. By ap-
plying the resulting equation under several different circumstances, the 
wave length>.. and damping coefficient a were calculated by successive 
approximations. The following equations were obtained: 
·Y' l = 1 - 2/2 u' 
3/ 2 l ( l) 
( 2) 
.. 
3 
2 1/3 3 1/2 -l/3 
k = (Ell:) [ 1 - 2 -/2(~) J y py2 (3) 
for non-viscoelastic films, 
Y' = 1- ~ u• 1/ 2 + 1 u' 1 2 1 4 1 (4) 
(5) 
(6) 
42. '2 
2¥?2u'3/2- '(1 4 ') n 4' ,1/2 i (n n) u2 1 u2 + u1 cos o2- u2ul s n o2- 4 + 2u'l/2 
Y' = 1 - ----------------------1 -l 
(7) 
3/2 1/2 ~ u' 2 4u'-2¥2u' · -u'(l-4u')sin 9 - 4u'u' cos(e- n)+ 2 1 l 2 1 2 2 l 2 4 2 ,1/2 
llj_ 
y2 = -----------------------------------------~~-
(8) 
for films of intermediate viscoelasticity, 
4 
Y' = 1- 2~u• 3/2 + u 1cos e + 4u1u 11/ 2sin(e - ~) (9) 1 1 2 2 2 1 2 ~ 
for slightly viscoelastic films, and 
I 
Y1 = 1 - ~ u11/ 2 + t ~ - ~sin 92 + 1 2 1 ~ u2 
4ul3/2 
1 sin(9 - n) 
u2 2 4 
I t3/2 
Y = ~ ull/2 + 11 u' + 31 ~cos 92 - 4 ul cos(e - 1t') 
2 o 1 3b 1 u2 ) u~ 2 4 
for highly, but not infinitely, viscoelastic films. The 
variables in the above equations are defined as follows: 
(1 y = -, 2 k 
-1 
U I : ~(1 + ...e.&) 
1 'Y1t n2 ' 
(11) 
(12) 
(13) 
(14) 
(15) 
(16) 
5 
2wk, + 
tan e2 = (-) 
' 
(17) 
where p is the bulk density, w the angular frequency (21CJI), 
Y the -surface tension, g the acceleration due to gravity, D 
the diffusion coefficient, c the bulk concentration, r the 
surface concentration; ke and ~ are constants. 
6 
STATEMENT OF THE PROBLEM 
The data obtained by Mann (1} and Mann and Hansen (3} 
were represented by their equations for non-viscoelastic and 
infinitely viscoelastic films, corresponding to u2 << lo-2 
and u~ >> l, respectively. The problem is to find some system 
for which u2 is in the range 10-2 < u2 < 1. 
The value of u2 in Equation 16 may be decreased at con-
stant ke and kv by making (D)l/2 (--ddrc) large. For the 
w c0 
aliphatic acids ranging from 3 to 16 carbon atoms the diffu-
sion coefficient changes less than ten fold. The experimental 
work limits the angular frequency w to values above 300 radians/ 
sec. On the other hand, for a given low surface coverage r 
the derivative a~ is approximately proportional to 3n, where 
n is the number of carbon atoms in the aliphatic chain. By 
suitable variation in chain length it is possible to vary the 
quantity (drc>c by several orders of magnitude. 
d 0 
Consequently, solutions of fatty acids ranging from 3 to 
7 carbon atoms in each molecule were selected. The surface 
tension was kept around 60 dynes/em. to keep experimental dif-
ficulties to a minimum. Mann's work was largely done at fre-
quencies above 300 cycles per second; the quantity (~) 1/2(~~)~ 
is larger the smaller w, and it was therefore decided to 
modify Mann's apparatus to permit operation in the 50-300 cps 
range of frequencies. 
7 
EXPERIMENTAL INVESTIGATION 
Introduction 
The experimental theorr and electronic instrumentation 
were basically developed by Mann (1), and Mann and Hansen (4). 
A schematic drawing of the equipment is shown in Figure 1. A 
brief description will be given at this point. 
The oscillator generates an a.c. signal which activates 
the coil in the ripple generator. The attractive and repul-
sive forces between the coil and the permanent magnet force 
a vertical oscillation of the T-bar. If the T-bar is placed 
on the liquid surface, small ripples are generated. The 
receiving probe consists of a phonograph crrstal cartridge 
with the usual needle replaced by a metal Shank and a blade. 
The force of the ripples on the blade is converted to an 
electric signal which is amplified. The output signal is 
proportional to .the ripple amplitude at the blade. The phase 
relation between the input and output signals is observed on 
the oscill~scope. The crrstal cartridge is mounted on a 
micromanipulator. 'Wb.en the receiving probe has traveled the 
distance of one wave length, the phase relation will have 
changed by 360°. 
AMPUFIER POTENTIOMETER OSCILLATOR 
FILTER 
OSCILLOSCOPE 
0 
VTVM 
FREQlJENCY 
COUNTER 
I I I F/L TER 
b , '~RYSTAL 
CARTRIDGE 
r--11 ' 
I pAN : 
MICROMANIPULATOR 
Figure 1. A block diagram of the equipment used in this study. 
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Theory 
The ripple generator is located at x = 0 and oscillates 
according to y0 =A exp (iwt). The receiving probe is located 
at x = L and moves according to y(L) = B exp (iwt - i9) where 
A and . B are constants, w is the angular frequency (21r J) ) , t 
is the time, and 9 is the phase relation between the ripple 
generator and the receiving probe. 
After establishing a steady state and taking into con-
sideration the reflected wave, damping, and assuming no phase 
change upon reflection, Equation 18 is obtained. 
y(x) = y0 {exp(-a.x) exp[i(wt- kx)]- exp(-2f3)• 
exp[-<l(2L- x) ]exp i[wt- k(2L- x) J} . (18) 
The expression exp (-2f3) comes from the reflected wave equa-
tion. The value of y0 is found from the boundary conditions 
that at x = 0, y =A exp (iwt). So 
-1 
y 0 = A[ 1 - exp (-2f3) exp (-2aL) exp (-211cL) J 
where k = '2:re/'A. 
If the output signal V(L) is proportional to the 
motion of the blade and in turn proportional to the wave 
amplitude, the output voltage is given by 
V(L) = ci exp(-aL)exp(iwt) (19) 
10 
where C is a complex constant. To introduce the phase rela-
tionship, 0 is written as 
o = lol exp(-i9). (20) 
Equation 20 is solved and then substituted into Equation 19 
to give 
and 
I[l- exp(-2a)exp(-aL)exp i(wt-9) J 
V(L) = --......,~---------~------~ 
1 - 2 exp [ -2(a+aL) ] cos 2kL + exp [ -4( a+aL) ] 
tan 9 = 
1 + exp [ -2 (a + aL) ] 
1 - exp [ -2 (a + aL) ] 
tankL. 
Let VTLr be the r.m.s. value of V(L). For aL sufficient-
ly large the ripple damps out as an exponential decay curve 
so 
vtLT = k exp ( -aL), 
or (21) 
TF7'T"'f' aL log v,L1 = log k - 2 •303 · 
The value of the damping coefficient a is obtained from a plot 
of log VTLJ vs. L whose slope is -a/2.303. 
When aL is small, the maximum (E(L)) and minimum (!(L)) 
values of VTLr give rise to the equation 
11 
2.303 log _ = [ E(L) + !(L) J 
:B(L) - ,!(L) (22) 
The slope of a plot of log [ E(L) + !,(L) J/[ E(L) - !(L) J 
vs. L is 2a/2.303. 
Instrumentation 
Mann's (1, 4) equipment was moved to a basement labora-
tory to reduce the amount of building vibration. This equip-
ment was used without essential modifications for the study 
of ripple propagation characteristics at frequencies above 
300 cps. At lower frequencies, however, the ripples propa-
gated by this instrumentation were either too low in amplitude 
for adequate detection or were not sinusoidal. A new genera-
tor was then designed for operation at lower frequencies. 
The new ripple generator used the same T-bar (weight 5 
gm.) but a new aluminum generator rod and aluminum supported 
coil with a combined weight of 13 gm. (as compared to 4 gm. 
for the high frequency generator rod plus cardboard supported 
voice coil). The coils were of No. 32 wire, 62 and 30 turns 
in low and high frequency coils, respectively. 
The author found that certain precautions not mentioned 
in N t: ' s dissertation were necessary for proper assembly of 
the il".:>trumentation. These involved the assembly of the two 
12 
probes and instrumental grounding. 
The receiving probe is made from a Monel metal rod and a 
razor blade. A notch in the rod (shank) increases the 
strength and ease of soldering the shank to a blade. However, 
excess solder will deform the blade. For the best operation, 
the shank should not be put as f~r as possible into the crys-
tal cartridge. Any paraffin should be removed from the 
cartridge itself. All parts which come into contact with the 
solutions are lightly coated with paraffin. The receiving 
probe is lined up perpendicularly with the motion of the 
micromanipulator with the help of graph paper. A mirror is 
used to check the parallel alignment of both probes. 
The sending and receiving probes must be parallel to each 
other and horizontally placed on the surface of the liquid. 
If there is no voltage output or a poor response at high 
frequencies, the receiving probe should be checked. It is 
very easy to get wax in the crystal cartridge and hinder its 
proper operation. No extraneous items such as the small wires 
going to the voice coil should be touching the micromanipu-
lator. In the case mentioned, numerous resonance frequencies 
were observed. To reduce the noise level, the overhead 
structure to which the speaker is attached should be designed 
such that it is as far as possible from the micromanipulator 
and crystal cartridge. Any loose items will increase the 
amount of noise. Rubber insulation should be used wherever 
13 
possible. 
The wire going from the crystal cartridge to the pre-
amplifier should be a coaxial cable. If a small amount is 
not, it will act as an antenna and pick up the input signal. 
If the output signal is slow to come to a constant value and 
cannot be reproduced, it may be due to the fact that the lead 
from the crystal cartridge must be securely fastened to the 
same part of the micromanipulator to which the cartridge is 
fastened. 
There are several techniques which have been found to be 
very useful for the successful operation of the ripple genera-
tor. The following is a list of items to observe while 
adjusting the speaker. 
1. There should be no contact between the voice coil 
and the magnet. 
2. The rod should vibrate strongly at 100 cps. and 
vibrations should be detected by touch up to 800 cps. without 
the T-bar attached and up to 600 cps. with the T-bar in place. 
3. No humming noise ~hould occur before 1200 cps. with 
a maximum intensity around 1550 cps. 
4. The verticality of the T-bar should be easily adjusted 
by using only two contact points. 
The last part of item two and all of three apply only to the 
light weight rod and voice coil. 
It should also be mentioned that if there is a loose 
14 
connection between the rod and the rubber washers the rod 
will slip. This causes a change in the point about which 
the rod is oscillating. If a washer is used that is thinner 
than l/8 inch, the horizontal position of the T-bar will 
change with the voltage applied to the voice coil. This 
produces a phase shift and thus a shift in the speed vs. 
frequency plot when the constant probe separation technique 
is used. 
Noise interference was reduced by a pair of matching 
filters; any phase change which may have occurred in one 
filter also occurred in the other. Since the ripples being 
studied were standing waves the interference appeared as 
fluctuations on the oscilloscope or vacuum tube volt meter 
(VTVM). 
All the teflon, polyethylene, and glass items were 
cleaned in a mixture of concentrated nitric acid and con-
centrated sulfuric acid maintained at 60°0. The acid mixture 
was kept in a rectangular ceramic box made by the United 
States Stoneware Co., Akron, Ohio; it was designed such that 
the teflon ~rough could be immersed in the acid when placed 
diagonally in the box. It could then be easily removed after 
cleaning. 
When handling the teflon trough polyethylene gloves 
were worn. The trough was kept covered w1 th a clean towel; 
15 
it was filled with the solution (at the desired temperature) 
a few minutes before the measurements were taken. 
All instruments were grounded through an Amphenol 
RG-62/U coaxial cable which was independent of any other 
system. The double ground eliminated any interference from 
lights and power lines. 
Chemicals 
The water which was used in this work was distilled 
from a quartz bi-distillation unit purchased from Engel-
hard Industries, Inc., Bew Jersey. In order to obtain a 
surface tension of 71.6 dynes/em. three special precau-
tions had to be taken. In the first distillation unit 
enough sulfuric and nitric acids (about 1M concentration 
for each) had to be added to remove impurities which would 
otherwise be distilled. It had to be operated 2 or 3 
hours to remove the excess nitric acid. The distilled 
water which was furnished was unsatisfactory. So good 
distilled water was imported before further distillation. 
The surface tension was measured vi th a Du Boiiy ring 
16 
tensiometer obtained from the Central Scientific Co. The 
observed surface tension was corrected by applying the formula 
given by Zuidema and Waters (6). The result was 0.4 dynes/em. 
below the literature value. 
The organic acids were re-distilled before using. Their 
boiling points were not more than two or three degrees lower 
than the literature values. Tne discrepancies were probably 
due to variations in the atmospheric pressure. All the acids 
were clear and colorless after distillation. 
The isobutyric, n-valeric, isovaleric, and n-heptanoic 
acids were made by the Eastman Kodak Co. B-butyric acid was 
obtained from the J. T. Baker Co. The Fisher Scientific Co. 
furnished the propionic acid. The n-caproic acid was dis-
tilled from a mixture made of small amounts from three 
companies, Eastman Kodak, Nutritional Biochemicals Corp., and 
Matheson, Coleman, and Bell, Inc. The surface tension of the 
various solutions was measured by the same method as that 
which was explained for water. 
Calibration and Method of Procedure 
Calibration 
In order to be able to use Equations 21 and 22, the out-
put voltage VTLJ must be shown to be proportional to y(L), the 
wave amplitude at x = L. If the output voltage is proportional 
17 
to the volt~ge drop across the coil of the ripple generator 
V(O) and V(O) is proportional to the amplitude of vibration 
of the T-bar Ap, then Equation 16 is applicable to the equip-
ment. This may be stated in another manner as follows: 
If V(L) ex. V(O), V(O) 0: Ap = y(O), and y(L) =A exp(-aL), 
then V(L) a: y 0 (0). But y(O) = A = y(L) exp ( <lL). Therefore 
Vl1J ex: y(L) exp ( <lL). For a constant value of L, we have 
'il'{Lfcc y(L). q.e.d. 
Figure 2 shows that vtL'f oc.. V(O) at several different 
frequencies and values of L. This is true for water and all 
the solutions which were studied. 
It was more difficult to show that V(O)OGAp. To accom-
plish this a linear variable differential transformer (LVDT) 
made by the Schaevitz Oo., Camden, New Jersey, was used (7a,7b). 
The LVDT consists of three coils surrounding a metallic core. 
If the primary coil is excited with an a.c. signal, the output 
of the two secondary coils is proportional to the displacement 
of the core. The output voltage is an a.c. signal if the 
motion is sinusoidal. By using the published calipration data 
on the LVDT and substituting the core for the T-bar, the 
amplitude of vibration of the ripple generator was determined. 
Figure 3a shows the data at two frequencies for the high fre-
quency rod. Figure 3b shows the data for the low frequency 
generator rod at one frequency. The amplitude decreased very 
rapidly above 200 cps. for the former and above 100 cps. for 
I 500 
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Figure 2. The voltage V(O) across the voice coil is graphed as a function of the output voltage vrr::r at several frequencies. 
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Figure 3. The voltage V(O) across the voice coil is 
directly proportional to the amplitude of 
vibration ~ of the T-bar 
a. (lower graph) the high frequency- rod and 
coil were used 
b. (upper graph) the low frequency- rod and 
coil were used 
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the latter. The amount of scatter is greater than that 
obtained by Hansen and Mann (3). 
The scale and its vernier on the micromanipulator were 
calibrated by comparison with a standard made by the Cambridge 
Instrument Company, Ltd. The distance between the centers of 
each mark on the scales could be reproduced to ± o.ooa mm. 
The reproducibility of the distance between the edges of two 
separate marks was about ± 0.016 mm. In order to calibrate 
the horizontal travel with the Wheatstone bridge circuit (see 
below) a mark on the scale was lined up with one of the same 
physical dimensions on the vernier. Thus the centers of both 
were lined up. Referring to the following sketch, the dis-
tance from some reference point 0 which is to be measured is 
A + d. 
So, 
scale 
vernier 
0 
I 
A B 
I I 
~r 
d E 
C D 
I I I 
'I G 
A + d = A + [ (D - A) - ( G - E) J 
= D - (G - E) 
= D G when E is zero. 
The horizontal movement of the micromanipulator was 
observed by attaching a potentiometer through a gear system 
to the micromanipulator. The change in the resistance of the 
potentiometer, as measured by a Wheatstone bridge, was corre-
22 
lated with the distance through which the micromanipulator 
had moved. 
The bridge circuit is schematically drawn in Figur e 4. 
R0 is defined as the reference potentiometer; y is used when 
Ri + R1, R2 + R2 , • •• are t o be calibrated with R0 ; xis the 
po tentiometer at tached to the micromanipulator. Any non-
lineari ty in the r eference is corrected later. 
At the balance point the Kintel, model 203, microvolt-
ammeter (functioning as a galvanometer) reads 0 ± 0.05 mv. 
If Vab is the potential drop across the points ab, then vab 
Vac and vbd = vcd· But since vab = I 1N = I 2 [R0 + (Rl + Rl) 
... ] = I 2? and Vbd = I 1M = I 2x, then x = P (M/li). A plot of 
x vs. P should produce a straight line. 
In order to know the value of P (using R0 as the refer-
ence) resistance y is put into the circuit in place of x. 
Then with the switch in position 0, R0 = lk , and the 
galvanometer balanced, we have y1 = R0 (M/N). Now setting R0 
= 0 and switching in Ri + R1, at the balance point we must 
have y1 = (R1 + Rl}(M/N). Thus, (R1 + Rl) = R0 • Next y2 = 
[ R0 + (R1 + Rl,} ] (M/N} when R0 = lk • Now changing to 
= 
R0 = 0 and using (R2 + R~ } , y2 = [ (R)_ + R1} + (R2+R2} ] (M/N}. 
Therefore R0 = (R2 + R2)· This is continued through~+ R9· 
The scale readings on the micromanipulator were cali-
brated rdth the resistance P. The data were then fit 
analytically with a linear equation. For example with P in 
A 
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Figure 4. A schematic diagram of the probe separation circuit (Wheatstone 
bridge). 
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units of k ohms and Lcalc. in units of mm., the equation 
might be Lcalc. = 62.94- P(7.397). To correct for non-
linearity in the potentiometer R0 , the quantity AL = (Lactual 
- Lcalc.) was plotted as a function of P. By interpolation 
the actual scale readings are given by Lactual = Lcalc. + AL. 
Fortunately the correction term L was usually less than 0.05 
mm. 
The Hewlett-Packard Model 100 ER frequency standard and 
the Model 225c Universal Counter-timer made by the Computer 
Measurements Company were calibrated with respect to the 
standard frequencies transmitted by radio station WWV, Belts-
ville, Md., operated by the National-Bureau of Standards. The 
accuracy is better than 1 part in 1010 at the time of trans-
mission (8, 9). A coaxial cable connected a Hallicrafters 
sx-71 receiver to a special antenna on the roof. The antenna 
was designed by the Harris T.V. and Appliance, Ames, Iowa, and 
operated at 5, 10, and 15 me. These are the same frequencies 
at which station WWV broadcasts. One cold clear winter night 
the frequency standard and counter were calibrated. They were 
found to be accurate to + 0.05 cps. or better in the frequency 
-
range of interest. 
Temperature 
The Langmuir trough, solutions, receiving probe, and 
ripple generator were enclosed in a large double-walled metal 
25 
box. Water , was piped between the walls. This enabled the 
temperature to be held constant (± 0.05°0) over a period of 
several hours. However, the temperature control was not 
perfect. If the room temperature was exceptionally low or 
h1gn, the 25.0°0. water bath could ~ot br1n& the temperature 
of the equipment to 25.0°0. It would usually reach some value 
w1 thin a few tenths of 25.0°0. and would not vary by more than 
± 0.05°0. for several hours. The temperatur, dependence of 
· ; 
the damping coefficient and wave length were studied in order 
to determine just how critical the temperature was. The 
results show that a variation of a few tenths of a degree was 
negligible (see the section on results). However, a several 
degree variation of temperature was not negligible. 
Damping coefficient 
Equations 21 and 22 show two methods for measuring the 
damping coefficient "· Only five or six experimental points 
were required to , determine accurately the slope of a plot of 
log VTLr vs. L. This procedure was applicable for frequencies 
above 500 cps. An example of a plot of log VTLT vs. L is 
shown in Figure 5. 
Equation 22 was used below 500 cps. to calculate a. In 
order to determine accurately the envelope curves about ten 
points each of the maximum and minimum output voltages were 
required. The differences [ E(L) - ,!(L) J were kept above 
LnMV. 
Figure 5. The probe sep<!-ration in mm . . is plotted versus the logarithm of the output 
voltage Ln MV. for CXL large. 
\ 
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150 MV. to obtain satisfactorily documented envelope curves. 
With lower values and fewer points, erratic and occasionally 
negative values of the damping coefficient were calculated. 
In Figures 6 and 7 are shown the types of curves obtained 
when (elL) is small. 
~ length 
Basically there is only one method of measuring the wave 
length (variable-L). The constant-L technique is simple a 
modification of it and is unsatisfactory under certain con-
ditions. The following method of determining the wave length 
is called the variable-L method. 
Referring to Figure 8, suppose the receiving probe is 
initially located at d' where the phase angle is 0° or 180°. 
0 
The frequency is kept constant and after moving the receiving 
probe any distance such that the phase angle changes by 180° 
an integer number of times (An'), the wave length is given 
by 'A= (d - d~)/(An'/2) = (d- d~)/An. Each desired frequency 
requires the same procedure. Pigure 9 shows a plot of n vs. 
probe separation, whose slope is 1/'A • 
The constant-L method starts out at some frequency 
(designated by the subscript 1) by measuring the distance 
(d~ - d~) 1 and the number of wave lengths Anl in the distance. 
Then the variable-L technique is used to find the wave length 
'Al· Since Ani is an integer or half integer, it may be 
MV. 
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Figur.e 6. The output voltage MV. as a function of the probe separation in mm. for aL 
small. The maximum output values are represented by circles and the minimum 
output values by squares. 
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Figure 7. A plot of the probe separation in mm. versus 
[ E(L) + E(L) J ln J(L) _ }!(L) • 1n E, when ClL is small 
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Figure 8. This diagram accompanies the discussion of the measurement of the wave 
length. 
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Figure 9. The probe separation in mm. as a function of the 
number, n, of wave lengths between the two 
probes at various frequencies 
a. (lower graph) the high frequency rod and 
coil were used 
b. (upper graph) in this graph the low fre-
quency rod and voice coil were used 
X 
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checked by rounding off the value of (d' - d")/A which should 
0 0 1 
equal An". The total number of wave lengths n1 between d and 
d0 is n1 = An1 + Ani and the distance (d - d0 ) 1 is given by 
(d - d0 ) 1 = n1A1• At this point the receiving probe is not 
moved. The frequency is changed so that n2 is equal to 
n1 ± (a/2) where a is an arbitrary integer. This is done by 
observing the phase relationship on the oscilloscope. The 
wave length A2 at this frequency is A2 = (d .- d0 ) 1/(n1 ± ~). 
Figure 10 shows that both techniques will give the same 
result. 
Limitations and Comments 
As mentioned earlier there is one situation where the 
constant-L technique is not feasible. The distance between 
the ripple generator and the receiving probe must be relative-
ly large. If this is not so, the experimental speed of the 
ripple will be below theory at high frequencies and above 
theory at low frequencies. The variable-L method will giv.e 
values within experimental error which are in agreement w1 th 
theory at all the frequencies regardless of the probe separa-
tion. This is especially important for ripples on solutions 
or films which damp out very quickly. For this reason the 
variable-L technique was used exclusively to obtain the data. 
In Figure 11 one may see how the experimental points vary with 
Figure 10. The plot of the probe separation in mm. versus the number of 
wave lengths -between the probes An at 1001 cps. was deter-
mined using the variable-L method. Then the single cross 
on the 834.1 cps. plot was found using the constant-L method. 
The data represented by circles with dots at 834.1 cps. were 
found by the variable-L technique later. 
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Figure 11. The velocity of propagation C as a function of the frequency 
for water at 25° C. The smooth line was drawn using Kelvin's 
equation. The crosses represent data obtained using the 
constant- L technique for a very small probe separation; the 
circles with dots represent data obtained at a larger probe 
separation but using the same technique. 
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the probe separation using pure water. 
One phenomena which was observed but which apparently did 
not affect the results should be mentioned. In the frequency 
range 100-125 cps. a two dimensional vortex motion was 
observed (see Figure 12) by sprinkling some talcum powder on 
the surface. The speed was related to the amplitude of vibra-
tion. This occurred with either of the generator rod and coil 
sets. This could be seen with water and the n-heptanoic acid 
solution. In the latter the motion was slower and confined 
to a smaller area. 
The wave lengths may be reproduced to within 1~. The 
damping coefficients m~ be reproduced to 1~ at high frequen-
cies. At low frequencies the error is much greater. With 
isobutyric acid the coefficient of variation for Yi was 1.3% 
and for Y2, 5.4~. 
• I 
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Figure 12. Th~ two-dimensional vortex motion which was observed around 100 cps. 
Motion of the particles· of talcum powder was rapid and circular at the 
edges of the T-bar and was almost absent in the center. 
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RESULTS 
Introduction 
T.he equations which were presented in the theory s~ction 
will be discussed with regard to the data on low molecular-
weight fatty acids. The graphs of the experimental results 
and theoretical calculations are given in Appendix A. Appen-
dix » contains the necessary data for the theoretical calcu-
lations. The experimental data (frequency, wave length, and 
damping coefficient) are tabulated in Appendix 0. 
Three quantities, ul, u2, and e2 must be calculated be-
fore the theoretical values of Yi and Y2 may be determined. 
ui is defined as ~w[Ylt(l + ~2 ) ]-1 • The bulk viscosity, llt, 
was obtained from a chemical handbook (10). Its value for the 
solutions was assumed to be that of water. The surface ten-
sion was measured with a Du Nofiy tensiometer except for water 
at 17.3°0. This :value was also taken from a handbook (10). 
The density P was assumed to be that of water. The value of 
k was calculated from Equation 3. Equation 16 defines the 
quantity u2. The diffusion coefficient D at 25°0. was deter-
mined from an empirical equation given by Longsworth (ll). 
Values of D calculated by means of this equation, D x 106 = 
24.182/(v113 - 1.280), have an average deviation of 2% from 
experimental values. Most of the molar volume calculations 
4 1 
required interpolation of density data to 25°0. The deriva-
tive (dc/d!)c was determined graphically from data given by 
0 
King (12); for n-heptanoic acid it was obtained analytically 
from the surface tension - concentration equation of Meissner 
and Michaels (13). Assuming that the Gibbs adsorption equa-
tion is applicable in the latter case, one has dc/d! = 
(55.5a' + c) 2/55.5a'rm where c is the concentration in moles/L 
and rm = BY0/RT. B is a constant (0.411) for all solutions 
and a' depends on the nature of the solute. 
ke has been identified (14) as the sum of two quantities 
Y' and Y" where Y' = -r dn/d!. The former was obtained 
graphically from King's data and analytically using the equa-
tion given by Meissner and Michaels. In the latter case we 
have 
Unfortunately a' was determined at 20°0. However, the calcu-
lated surface tension at 25°0. is within 3% of the experi-
mental value. r" is used as an adjustable parameter. The 
term ~ is assumed to be negligible, and the parameter e2 is 
. defined in terms of parameters previously discussed by Equa-
tion 17. It is interesting to note that e2 is independent of 
k8 if the kv terms are neglected. 
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Discussion 
Water 
The non-viscoelastic theoretical Equations l-3 were used 
to represent the propagation characteristics of ripples on 
water (Figures 13 and 14 in Appendix A). There is a substan-
tial gravitational effect on ripples of low frequency; if this 
were neglected, Y1 would be much larger than Yi in this 
region. In the high frequency region (above 4oo cps.) capil-
lary ripples were produced; the gravity correction term is 
negligible here. But the observed values of Yi are still 
about 5~ above the theoretical in the very high and very low 
frequency areas; the discrepancy appears to decrease as the 
temperature is raised. It should be noted that a 5% discrep-
ancy between theoretical and experimental values of Yi corre-
sponds to less than a 2~ discrepancy in the wave length. 
Theoretical and experimental wave lengths are compared in 
Figure 14 in Appendix A; on such a plot agreement between 
theory and experiment appears to be very satisfactory (less 
than l~ error at the high frequencies and 3% at the very low 
frequencies). Nevertheless since the quantity Yi could 
generally be reproduced to within l~ the discrepancy between 
theory and experiment appears to be greater than the error. 
Dependence of reduced damping coefficient Y2 on fre-
quency is shown in Figure 13. Values of Y2 could be repro-
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duced experimentally to within 10% at frequencies over 300 
cps., but were less reproducible at the lower frequencies. 
The agreement between theory and experiment is generally 
within the experimental error. Figure 14 shows the dependence 
of actual damping coefficient on frequency and includes for 
comparison data of other workers (15, 16, 17). 
Soluble aliphatic ~ films 
Figures 15 to 21 in Appendix A present the dependence of 
reduced velocity of propagation Yi and reduced damping coeffi-
cient Y2 on frequency for solutions of propionic acid, n-
butyric acid, isobutyric acid, n-valeric acid, isovaleric 
acid, n-caproic acid and n-heptanoic acid. In all figures, 
experimental points are compared with theoretical curves. In 
computing the theoretical curves it was necessary to assign 
values to the viscoelasticity parameters u2 and e2• These 
depend on the quantities ke, ~' w, D, and (dc/dr)c , of Which 
. 0 
only the last three are known or available from independent 
experiments. In addition ke = Y' + Y", where Y' = -r(dn/dr), 
the film compressibility Y', is available independently, but 
Y" is not. If the parameters kv and Y" lrere both assumed 
zero, it was found that theory did not represent the data for 
any of the soluble acid films. The quantity Y2 is particu-
larly sensitive to these parameters. For each system it was 
found possible to set kv = 0, choose one value of Y" (inde-
44 
pendent of frequency), and represent the dependence of Y2 on , 
frequency fairly well. Observed values of Yi were generally 
higher than those calculated using the value of Y" established 
from Y2 data, but except for the isovaleric acid system the 
discrepancy was about the same as for pure water. The theory 
therefore generally represents wave lengths to within 2% and 
damping coefficients to within 10~. 
The theoretical viscoelastic quantities Yl and Y2 for 
solutions of propionic, n-butyric and isobutyric acids were 
calculated from Equations 9 and 10 for slightly viscoelastic 
films valid to second order. The theoretical curves for the 
n-valeric, isovaleric, n-caproic, and n-heptanoic acid solu-
tions were calculated from Equations 7 and 8 for intermediate 
viscoelastic films valid to first order. 
Tables 1 and 2 in Appendix B presents parameters used in 
' 
the calculation of Yi and Y2, including the parameter Y". It 
will be noted that this parameter decreases regularly as the 
aliphatic acid chain length increases; indeed a plot of Y" 
against log (dc/dr)c0 is nearly linear for all but one of the 
systems studied. Physically, it is hard to imagine a parame-
ter associated with viscoelasticity which, for nearly fixed 
surface excesses, decreases with increasing chain length. It 
therefore seems unlikely that the quantity Y" obtained from 
damping coefficients is such a parameter, and more likely that 
it serves to correct the equations of Mann and Hansen for a 
45 
defect in their original model. For example, Mann and Hansen 
assume transfer from bulk to surface is limited solely by 
diffusion. In solutions such that (D/w) 112(dc/d!)c is large, 
0 
diffusion transfer has the effect of greatly reducing u2, and 
the reduction would be less if there were an additional energy 
barrier limiting transfer from bulk to surface. The parameter 
'Y'11 may be compensating for such an effect, for it is largest 
in the systems for which D(dcjdr)c is largest. 0 . 
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CONCLUSIONS 
The wave length and damping coefficient data for aliphatic 
acids (3 to 7 carbon atoms) are represented by equations of 
the form given by Hansen and Mann (2) provided that ke is 
treated as an adjustable parameter. There was no information 
on kv• and it could not be used as an adjustable parameter. 
This parameter k was identified as the sum of two 
e 
quantities, the thermodynamic compressibility of the monolayer 
Y' and the coefficient of elasticity Y" for shear in the plane 
of the interface. The thermodynamic compressibility was 
determined from the equation Y' = -r (dn/dr) where n = Y0 - Y 
and r is the surface concentration. There was no way of 
calculating Y" and it was treated as the adjustable parameter. 
It was determined from known values of u2 andY', usually at 
high frequency. 
There does not appear to be any definite physical meaning 
which can be attached to Y". It is possible that the use of 
Y11 as an adjustable parameter serves to correct the theoreti-
cal equations for the omission of some significant feature in 
the initial model (for example, a barrier to transfer of solute 
from bulk to surface). 
1. 
2. 
3. 
4. 
5. 
6. 
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APPENDIX A 
The following set of graphs show s the comparison of the 
experimental and theoretical values of Yi and Y2 and the wave 
lengths and damping coefficients (for water only) as functions 
of the frequency. 
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Figure 13. The reduced velocity of propagation Y! and reduced damp-
ing coefficient Y 2. of water plotted as a function of the fre-
quency v .. The c1rcles with dots represent data taken at 
25° C.; a cross represents data taken at 33. 8° C; the data 
taken at 17. 3°C. is represented by a triangle and dot. The 
lines were calculated from the theory. 
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Figure 14. The lmve length A and damping coefficient a 
of l~ter plotted as a function of the fre-
quency v • In the upper graph, all of the 
wave length data are represented by circles 
with dots. In the lower graph, the damping 
coefficient at 25°0. is repr.esented by a 
circle with a cross, ·at 17.3°0. by a circle 
with a dot, at 33.8°0. by a triangle with a 
dot. The squares show the data obtained by 
other workers (15, 16, 17). The lines were 
calculated from the theory 
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5 3 
Figure 15. The reduced velocity of propagation Yi and 
reduced damping coefficient of a propionic 
acid solution plotted as a function of the 
frequency v • The data represented by the 
crosses were obtained using the low fre-
quency rod and coil. The data represented 
by a circle and a dot were obtained using 
the high frequency rod and voice coil. The 
lines were calculated from the theory 
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Figure 16. The reduced velocity of propagation Yi and 
reduced damping coefficient of a n-butyric 
acid solution plotted as a function of the 
frequency v • The data represented by the 
crosses were obtained using the low fre-
quency rod and coil. The data represented 
by a circle and a dot were obtained using 
the high frequency rod and voice coiL The 
lines were calculated from the theory 
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Figure 17. The reduced velocity of propagation Yl and 
reduced damping coefficient of a isobutyric 
acid solution plotted as a function of the 
frequency v • The data represented by the 
crosses were obtained using the low fre-
quency rod and coil. The data represented 
by a circle and a dot were obtained using 
the high frequency rod and voice coil. The 
lines were calculated from the theory 
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Figure 18. The reduced velocity of propagation Yi and 
reduced damping coefficient of a n-valeric 
acid solution plotted as a function of the 
frequency v • The data represented by the 
crosses were obtained using the low fre-
quency rod and coil. The data represented 
by a circle and a dot were obtained using 
the high frequency rod and voice coil. 
The lines were calculated from the theory 
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Figure 19. The reduced velocity of propagation Yi and 
reduced damping coefficient of an isovaleric 
acid solution plotted as a function of the 
frequency v . The data represented by the 
crosses were obtained using the low fre-
quency rod and coil. The data represented 
by a circle and a dot were obtained using 
the high frequency rod and voice coil. The 
lines were calculated from the theory 
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Figure 20. The reduced velocity of propagation Yi and 
reduced damping coefficient Y2 of a n-caproic 
acid solution plotted as a function of the 
frequency y • The data represented by the 
crosses were obtained using the low fre-
quency rod and coil. The data represented 
by a circle and dot were obtained using the 
high frequency rod and coil. The lines were 
calculated from the theory 
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Figure 21. The reduced velocity of propagation Yi and 
reduced damping coefficient Y2 of a 
n-heptanoic acid solution plotted as a 
function of the frequency v . The data 
represented by the crosses were obtained 
using the low frequency rod and coil. The 
data represented by a circle and dot were 
obtained using the high frequency rod and 
coil. The lines are theoretical 
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APPENDIX B 
Table 1. Tabulated constants 
T Po 7 poise . 3 p =; gm./cm. Y : dynes/em. 
• 
17.3°0. 1.01 x 10-2 0.9987 73.14 
25.0°0. o.894 x 10-2 0.9970 
33.8°0. 0.744 X 10-2 0.9945 
g = 980 cm./sec. 2 
Table 2. Constants for theoretical calculations 
Systems y ; dynes 0 : moles d25°C. <ir)c0 Y' Y" D X 10
6 
em. 0 • L 
gm./cm.3 
Propionic 64.5 0.1226 0.989 2.20x1o6 13.0 97 8.3 
-·· 
n-butyric 60.2 0.06231 0.953 8.07Xl05 29.4 37.4 7-5 
isobutyric 60.6 0.06959 0.943 5.85xlo5 12.1 31.6 7.4 
n-valeric 58.4 0.02206 0.934 1. 28xlo5 22.5 7.5 6.9 
isovaleric 56.7 0.02904 0.933 L43xlo5 21.9 2.9 6.9 0' 
4 00 
n-caproic 57.6 0.007736 0.923 2.66xl0 30.5 -13.8 6.5 
n-heptanoic 60.7 0.001707 0.913 2.21x1o4 39.6 -15.3 6.1 
~ 
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APPENDIX C 
Tabulated Data 
Table 3. Water 
T Jl A::: . -1 y Y2x1o2 Y' . uix1o3 em. a.;= em. 1 . 1 
r = 71.6 dynes/em. 
24.8°0. 1001.6 0.0776 1.05 1.04 1.3 1.04 9.68 
900.6 0.0831 0.92 1.03 1.2 1.03 9.32 
801.9 0.0899 0.91 1.03 1.3 1.03 8.97 
702.8 0.0987 0.75 1.05 1.2 1.05 8.63 
500.8 0.122 0.49 1.02 0.96 1.01 7.61 
301.0 0.172 0.28 1.03 0.76 1.02 6. 4o 
200.9 0.228 0.25 1.06 0.89 1.05 5.62 
25.0°0. 200.9 0.227 0.17 1.04 0.60 1.02 5.58 
149.8 ' 0. 279 0.14 1.08 0.59 1.05 5.08 
100.0 0.364 0.13 1.07 0.74 1.03 4.35 
75.1 0.448 0.053 1.12 0.38 1.05 3.92 
60.1 0. 521 0.075 1.13 0.62 1.04 3.57 
25.1°0. 301.1 0.171 0.32 1.01 0.86 0.995 6.36 
200.9 o. 227 0.23 1.05 0.83 1.03 5.60 
149.5 0.281 0.17 1.09 0.78 1.07 5.10 
99.9 0.365 0.13 1.08 0.76 1.03 4.35 
75.1 0. 445 0.11 1.10 0.80 1.03 3.90 
60.1 0.522 0.048 1.14 o.4o 1.04 3.58 
25.0°0. 1099.5 0.0723 1.01 1.01 9.91 
1001.6 0.0774 1.04 1.03 1.3 1.0.3 9.66 
900.8 0.0827 0.88 1.02 1.2 1.01 9.28 
801.9 0.0897 0.83 1.03 1.2 1.03 8.95 
702.8 0.0983 0.68 1.04 1.1 1.04 8.60 
500.6 0.122 0.60 1.02 1.2 1.01 7.60 
301.0 0.172 0.31 1.02 0.83 1.01 6.39 
200.7 0.228 0.22 1.06 0.81 1.05 5.62 
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Table 3 (Con t1nued) • 
T Jl >.. :: em. a:em. -1 yl Y2x1o2 Y' u'x1o3 . • 1 1 
y = 70.3 dynes/em. 
33.8°C. 999.0 0.0764 0.99 1.00 1.2 1.00 8.o4 
899.2 0.0816 0.79 0.989 1.0 0.987 7-73 
800.2 o.o880 0.74 0.983 1.0 0.980 7.41 
701.1 0.0973 0.67 1.02 1.0 1.02 7.18 
600.8 0.108 0.54 1.01 0.93 1.01 6.79 
501.1 0.121 0.997 0.992 6.35 
4o0.2 0.14o 0.988 0.981 5.85 
299.6 0.172 1.03 1.02 5.38 
200.6 0.227 1.06 1.04 4. 71 
99-9 0.361 1.05 1.01 3.63 
17.3°C. 1002.4 0.0785 1.17 1.06 1.5 1.06 11.3 
952.5 0.0809 1.13 1.04 1.5 1.04 11.3 
901.9 0.0841 1.09 1.05 1.5 1.05 11.1 
851.6 0.0873 1.0 1.05 1.4 1.05 10.9 
801.9 0.0907 0.93 1.04 1.3 1.04 10.6 
698.8 0.0992 1.04 1.04 10.1 
601.3 0.109 1.03 1.03 9.59 
501.4 0.123 1.01 1.00 8.93 
4oo.4 0.143 1.01 1.00 8.31 
301.0 0.173 1.02 1.01 7.51 
200.9 0.228 1.04 1.02 6. 58 
99.6 0.370 1.09 1.04 5.03 
7 1 
Table 4. Propionic acid 
T v J... = em. . -1 yl Y2x102 Y' u'x1o3 a =em. . . 1 1 
0.1226 M, Y = 64.5 dynes/em. 
24.8QC. 1098.4 0.0708 1..58 1.06 1.6 1.05 10.8 
1001.6 0.0747 l.jj 1.03 1.6 l.Oj 10 . .5 
900.9 0.0803 1. 20 1.04 1.5 1.04 10.0 
801.1 0.0863 1.10 1.02 1.5 1.02 9.56 
702.3 0.0954 0.86 1.06 1.3 1.05 9.26 
602.1 0.105 0.78 1.02 1.3 1.02 8.69 
501.0 0.118 0. 74 1.01 1.2 1.00 8.10 
4oo.5 0.137 0. 57 1.02 1.2 1.02 7-57 
300.5 0.168 0.46 1.05 1.2 1.04 6.90 
200.6 0.222 o. 27 1.08 0.96 1.06 6.05 
24.9°0. 300.9 0.166 O.jj 1.02 0.87 1.01 6.85 
200.8 0.221 0.27 1.07 0.96 1.05 6.03 
149.5 o. 272 0.20 1.11 0.85 1.08 5.49 
99.8 0.354 0.15 1.09 0.82 1.04 4.56 
75.0 0.434 0.13 1.13 0.92 1.05 4.20 
60.1 0.51 0.077 1.19 0.63 1.06 3.87 
75.0* 0.435 0.13 1.14 0.93 1.08 4.22 
60.1* 0.509 1.18 1.07 3.86 
Table 5. N-butyric acid 
T ). ~ em. • -1 yl Y2 X 102 Y' u'xlo3 v a= em. 
• • 1 1 
0.06231 M, Y = 60.2 dynes/em. 
24.8°0. 1000.3 0.0735 1. 59, 1. 57 1.05 1.86, 1.84 1.05 10.7 
901.3 0.0787 1. 56, 1. 55 1.05 1.96, 1.94 1.04 10.5 
802.1 0.0851 1.32, 1.35 1.05 1. 78, 1. 83 1.04 10.1 
70?.6 0.0937 1.03, 1.18 1.07 1. 54, 1.76 1.07 9.74 
602.0 0.103 0.93, 0.97 1.05 1. 53, 1. 60 1.04 9.18 
501.1 0.116 0.89 1.02 1.63 1.01 8.4~ 
4o1.4 0.134 0.71 1.03 1.52 1.02 7.9 
301.0 0.164 0.51 1.05 1.32 1.04 7.24 
24.8°0. 300.9 0.164 0.49 1.04 1.28 1.03 7.24 --.1 N 
200.9 0.217 0.37 1.08 1.27 1.06 6.36 
100.0 0.350 0.19 1.13 1.03 1.08 4.77 
60.1 0.502 0.14 1.20 1.13 1.08 4.06 
"' 
( 

Table 7. N-valeric acid 
--·--~ .-- --.. -
ll ). : em. a : em. -1 y1 Y2 X 102 y• u'x1o3 • • 1 1 
P = 0.02206 M, Y = 58.4 dynes/em. 
24.8°0. 1000.6 0.0722 2. 57 1.03 2.95 1.01 11.0 
900.8 0.0778 2.09 1.04 2.59 1.04 10.7 
801.9 0.0838 2.06 1.03 2.75 1.03 10.3 
702.3 0.0922 2.38 1.05 3.49 1.05 9-88 
601.5 0.102 1.~9 1.03 2.89 1.03 9.31 
500.8 0.114 1. 7 1.02 2.68 1.02 8.66 
401.1 0.132 1.16 1.01 2.45 1.00 8.06 
301.1 0.162 0.78, 0.77 1.04 2.00' 1. 99 1.03 7.36 
25.0°0. 301.1 0.161 0.66 1.04 1.69 1.02 7.35 
201.0 0.216 0.49 1.10 1.66 1.08 6.50 -...) 
100.0 0.345 0.25 1.12 1.31 1.07 5.03 ~ 
75.2 0.423 o. 20 1.17 1.3 1.09 4.53 
60.2 0.494 0.14 1.18 1.07 1.07 4.12 
~ 
Table 8. Isovaleric acid 
T }I A ;; em. • -1 yl Y2 X 102 Y' u'x1o3 a= em. . • 1 1 
0.02904 M, Y = 56.7 dynes/em. 
25.1°0. 1000.7 0.0724 2. 27, 2. 25 1.07 2.61, 2.59 1.07 11.2 
901.0 0.0776 1.87, 2.00 1.06 2.30, 2.47 1.06 11.0 
802.1 0.0837 1.80, 1.81 1.06 2.39, 2.42 1.05 10.6 
702.6 0.0923 1.60, 1.55 1.09 2.36, 2.28 1.08 10.2 
602.3 0.102 1.34, 1.39 1.07 2.16, 2.25 1.06 9.60 
500.9 0.114 1.24, 0.99 1.05 2. 26, l. 80 1.04 8.97 
401.1 0.133 0.92 1.05 1.95 1.05 8.32 
301.0 0.161 0.67, 0.80 1.06 1.70, 2.06 1.04 7.55 
24.8°0. 301.0 0.160 0.77, 0.66 1.04 l. 96, l. 67 1.03 7.52 --J 
200.9 0.214 0.43 1.10 1.47 1.09 6.65 Ul 
100.0 0.345 0.22 1.15 1.48 1.09 5.16 
60.1 0.495 0.12 1.23 1.19 1.10 4.23 
201.0 0.214 0.43 1.12 0.97 1.09 6.66 
Table 9. N-caproic acid 
--·----
y ). : em. a : em. -l y1 Y2 X 102 Y' u'x1o3 . . 1 1 
_.,. ____ . 
0.007736 M, Y = 57.6 dynes/em. 
24.9°0. 1000.2 0.0714 3.48, 3.72 1.00 3.95, 4.23 0.998 11.0 
901 •. 2 0.0765 3.17' 3.16 1.00 3.86, 3.85 1.00 10.7 
802.0 0.0825 2.78, 2.81 0.996 3.65, 3.69 0.993 10.2 
702.1 0.0910 2.62, 2.64 1.03 3.80, 3.83 1.02 9.88 
602.1 0.0997 2.25, 2.36 0.991 3. 57' 3. 74 0.987 9.28 
501.1 0.113 1.71 0.989 3.07 0.984 8.72 
4o1.2 0.132 1.41 1.01 2.94 1.01 8.14 
4o1.2 0.131 1.01 0.998 8.12 
301.0 0.160 1.13 1.02 2.88 1.01 7.38 
-J 
25.1°0. 0.986 
0' 
301.2 0.159 1.21 0.996 3.05 7.33 
201.1 0.213 0.85 1.07 2.88 1.05 6.51 
100.0 0.341 0.48 1.10 2.59 1.05 5.05 
60.2 0.493 0.28 1.20 2.20 1.08 4.17 
~ 
Table 10. N-heptanoic acid 
T v >.. = em. a = em. -l yl Y2 X 102 Y' u'x1o3 . . 1 1 
0.001707 M, Y = 60.7 dynes/em. 
24.9°0. 1000.3 0.0712 3.33, 3.20 0.945 3.77, 3.63 0.943 10.5 900.8 0.0768 2.77, 2.59 0.962 3.38, 3.17 0.960 10.2 
801.3 0.0825 2.65, 2.80 0.944 3.48, 3.68 0.941 9.70 702.1 0.0908 2.39, 2.54 0.966 3.45, 3.68 0.963 9.36 601.9 0.101 2.02, 2.17 0.974 3.24, 3.48 0.970 8.90 500.6 0.113 1. 95, 1. 74 0.956 3.52, 3.14 0.951 8.32 
4oo.8 0.131 1.54 0.954 3.21 0.947 7.70 301.1 0.160 1.19, 1. 22 0.970 3.04, 3.09 0.960 7.02 
24.8°0. 301.0 0.160 1. 33 J 1. 30 0.971 3.4o, 3.30 0.962 7.02 -.J 
-.J 
201.0 0.213 0.89 1.02 3.00 1.00 6.19 
100.0 0.346 0.47 1.09 2.60 1.04 4.85 
60.1 0.497 0.30 1.17 2.40 1.05 4.00 
